In this work, we synthesized a trypsin-stabilized fluorescent gold nanocluster. It was found that sulfide interacted with the nanocluster, which could result in significant fluorescence quenching. With this quenching effect, a fluorescence sulfide sensor was developed. This sensor responded linearly to sulfide in the range of 50 nM to 8 μM, and was capable of detecting sulfide as low as 5.5 nM. This provided a facile and sensitive scheme for sulfide analysis; the mechanism of the sensor was also provided. The sensor was then tested for real sample analysis, and good recoveries were obtained. Furthermore, persulfate was found to be effective to remove the quenching of sulfide, and this interaction was adopted for an indirect analysis of persulfate.
Introduction
Sulfide is an important form of pollutant sulfur, which widely exists in both nature and industry. Because of its affinity to protons (coming from the small dissociation constant of the conjugate acid), it becomes protonated under acidic conditions, and gives out toxic and flammable hydrogen sulfide (H2S) with an unpleasant smell. 1 An extra amount of sulfide will cause harm to humans and other live organisms, and it is of significant importance to monitor sulfide levels in the environment and other occasions. Due to the usually low concentration of sulfide in water, highly sensitive detection methods are needed to detect it. The existing methods for sulfide monitoring, include photometry, 2 fluorometry, 3,4 electrochemiluminescecne, 5 atomic spectrometry, 6, 7 and electrochemistry. 8 Common problems concerning of these methods are limited sensitivity, complex instrumentation and complicated analytical procedures. Thus, facile and sensitive methods are required for sulfide analysis.
With the development of nanotechnology, fluorescent nanomaterials, like quantum dots and dye-doped nanoparticles, have been intensively reported in the construction of sensors, since they can provide intensive luminescence, and thus highsensitivity signaling. 9, 10 One recent development in this area is the noble metal nanocluster (NC). NCs contain only a few or tens of metal atoms, and exhibit a property like luminescence molecules. 11, 12 Different interactions with the cluster have been applied for the construction of sensors aimed at various target analytes. [13] [14] [15] In the work reported here, trypsin was adopted for the synthesis of ultra-small size fluorescence gold nanocluster (Try-AuNC), and sulfide ion was found to interact strongly with the cluster, and could bring about significant fluorescence quenching, which was adopted for sulfide measurements. Also, the reaction between sulfide and oxidative persulfate could be applied for persulfate analysis.
Experimental

Reagents and chemicals
Chloroauric acid (HAuCl4·4H2O), sodium sulfide, potassium persulfate and other chemicals were obtained from Sinopharm Chemical Reagent Co. (Shanghai, China).
Trypsin was purchased from Solarbio Inc. (Beijing, China). All other chemicals were of analytical grade and used as received. Double-distilled water was used throughout the experiments.
Apparatus
The absorption spectra of various samples were measured with a Cary 60 UV-vis spectrophotometer (Agilent, USA). The obtained nanocluster was diluted 50-fold and mixed with different samples in a 20-mM phosphate buffer. Fluorescence measurements were performed on a Hitachi FL-2800 spectrofluorophotometer. Microscopic images were obtained under a Tecnai G2F20 transmission electronic microscope (TEM) (FEI, USA). Fluorescence images of the samples were taken with a Cannon SD1100 digital camera (Canon Inc., Japan) under the illumination of a 365-nm UV lamp (Cnlight Co., China).
Results and Discussion
Synthesis and characterization of trypsin-AuNC
In the synthesis of noble metal clusters, template material is an important factor. Xie et al. developed a facile method for the synthesis of a nanocluster with bovine serum albumin (BSA) working as both a stabilizer and a reducing agent (BSAAuNC). 14 Here, a similar strategy was adopted, in which chloroauric acid was applied as the gold source, but another protein, trypsin, was used instead of BSA. Trypsin is a widely existing protease found in living systems for the digestion (trypsinize) of proteins. 15 It cleaves peptide chains mainly at the carboxyl side of lysine or arginine. 16, 17 This protein contains both tyrosine and cysteine. Tyrosine presents a reductive ability, and is capable of reducing Au(III) to a lower valent Au(I) or gold atom, and the thiol group from cysteine forms the Au-S bond and stabilizes the nanocluster. This protein has already been reported in naonolcusters for mercury-ion detection and bioimging. 18, 19 Here, it was adopted owing to its low cost and availability.
In order to obtain an efficient fluorescence, the synthetic process was monitored; small portions of the reaction mixture were taken out and the fluorescence was measured. Because an alkaline condition was required for the reductive property of trypsin, the influence from the hydroxide concentration was studied. It was found in the range of 0.04 -0.18 mol/L, that only a minor influence on the fluorescence from the concentration occurred (within 4%). The best response was obtained at around 0.13 mol/L (data not shown). Since the pH value was fairly stable under this highly basic condition, the factor was almost negligible. Also, within the synthesis, the influence from the ratio of gold (as chloroauric acid) and trypsin (Au:Try) was evaluated. This factor was found to be much more important than the NaOH concentration. The fluorescence intensity varied significantly with the Au:Try ratio in the range of 1.2:1 to 1.7:1, and the highest one could be obtained under a ratio of 1.5:1, which was almost twice as high as that under the ratio of 1.2:1 (Fig. 1a) .
During continuous monitoring of the synthesis, the fluorescence intensity gradually increased until a stable response could be obtained after 50 h (Fig. 1b) , which was related to an equilibrium state. This indicated that a relative long duration was necessary for the reaction, and all of the syntheses were performed with 50 h of incubation.
Characterization of the Try-AuNC
In the UV-vis measurement, the nanocluster is absorbed in the ultraviolet-visible range and rendered a slightly yellow color ( Fig. 2a/2c ). No localized surface plasmon resonance (LSPR) absorption band was found around 520 nm, which was the characteristic peak of relatively larger gold nanoparticles. 14 This result indicated the absence of a larger nanogold. Quite similar to the previously reported BSA-AuNC, the Try-AuNC described here gave out intense red luminescence when excited with 365-nm UV radiation. The detailed emission profiles showed that the nanoclusters absorbed UV radiation and emitted intensively around 625 nm (Fig. 2b/2d ). The quantum yield was measured with rhodamine B as the reference, and it was calculated to be 6.18%, which was also close to that previously reported for BSA-or trypsin-stabilized gold nanoclusters. 19 In the TEM measurement, the images showed well-dispersed ultra-small nanogold, and most of the entities had diameters in the range of 2.0 -3.5 nm with an average around 2.8 nm (Fig. 3) , which was consistent with the absorption profile. 
Detection of sulfide with gold nanocluster
With introduction of a sulfide sample at 100 μM, a significant fluorescence decrease showed up. The fluorescence could be easily distinguished from a native gold nanocluster with naked eyes. This meant that there should be some interaction that occurred between the nanocluster and the sulfide ion. As previously reported, 14 there was a relative large amount of Au(I) at the surface of the synthesized gold nanocluster. For the small size of trypsin (24 kDa vs. 66 kDa of BSA) and the extremely low-solubility Au2S (with a solubility product constant (Ksp) of 1.58 × 10 -73 ), sulfide may directly bind onto the nanocluster surface and change the surface status of the nanocluster. [20] [21] [22] Since the fluorescence of the NC was quite sensitive to this status, fluorescence quenching could be obtained (shown in Scheme 1). 20 After the introduction of sulfide, the fluorescence first decreased rapidly, and then reached a constant after 10 min (Fig. 4a) , which was directly related to the fast reaction between gold and sulfide. All further measurements were performed after 20 min of incubation in order to avoid any irreproducibility from incomplete reactions. Since the pH value played an important role in both the nanocluster fluorescence and the state of the sulfide, its influence on the quenching was studied. With phosphate buffers of different pH values, the quenching from the same sulfide sample was compared. It was found that sulfide quenched the most at pH 9 (52%, (I0 -I/I0), in which I0 and I were the fluorescence intensities before and after introducing of sulfide respectively) (Fig. 4b) . As known from the pKa values of H2S (6.9 and 12.5, respectively), the predominant species in the solution would be monovalent HS -rather that divalent S 2-; a lower pH would result in a larger portion of HS -. Concerning the other aspect, even a higher pH (pH > 10) was found to be unfavorable for the quenching, which might come from a hindrance of the sulfide interaction due to a larger amount of OH -around the nanocluster surface. 23 When different sulfide samples were mixed with the same bath of the nanocluster, higher concentration samples were capable of resulting in more fluorescence quenching. A Stern-Volmer plot was then constructed in order to relate the relative fluorescence quenching (I0 -I/I0) with the sulfide concentration (Fig. 4c) . A linear relationship was found between these two factors within the concentration range 50 nM -8 μM with a correlation coefficient of R 2 = 0.9974 (Fig. 4d) . The limit of detection (LOD) of this sensing scheme was estimated to be 5.5 nM (three-times the standard deviation of the background noise, 3σ). As compared with other sulfide detection methods, this LOD is among the lowest ones in reports (Table 1) , and was 5-times lower than a BSA-based nanocluster sensor. 24 Both the high fluorescence from the native gold nanocluster and the extremely low solubility of Au2S (and thus strong interaction between the nanocluster and the sulfide) contributed to this high sensitivity here. A 5-μM sulfide sample was measured with gold nanoclusters in the reproducibility test. A relative standard deviation of 1.33% was obtained from seven replicate measurements, demonstrating a decent reproducibility of the sensor.
Selectivity of the developed sulfide sensor
In order to evaluate the specificity of the developed sensor, the responses from mixing the NC with different targets were measured, and the extents of the quenching were compared (Fig. 5) . Among all of the anions, sulfide was the one that brought about the largest quenching; thiosulfate (S2O3 2- ) was the only other ion that showed some minor influences. This slight quenching from thiosulfate might come from the thermodynamically possible (as in gold leaching), but very slow, reaction between gold and thiosulfate at room temperature. 28 
Analysis of water samples
Owing to the high performances and ease of construction as well as the application of the developed sensing system, it could be adopted for sulfide measurements in practical samples. Water samples from a pond and tap water were measured, respectively, using this developed NC sensor. Sulfide in both samples was found to exist below the detection limit (5.5 nM). A standard addition was performed with a known amount of sulfide into the water samples, and satisfactory recoveries were obtained (Table 2 ). These preliminary results showed that the sensor had a great potential for real sample analysis. 
Indirect measurement of persulfate
Persulfate is a highly oxidative substance (with a standard potential as high as 2.0 V vs. SHE). It may react with a wide range of reducing substances, such as organic pollutants, and its oxidative capability has been applied for the treatment of waste water. 29 From a previous report and the selectivity study presented here, this ion alone does not provide any significant effective influence on a gold nanocluster, 3 but the oxidation capability might be applied onto reductive sulfide for its indirect measurement. A sulfide sample was first added into persulfate solutions, and then mixed with gold nanoclusters under room temperature. However, even after overnight incubation, the quenching from sulfide remained the same, which showed that the removal of sulfide by persulfate was not successful. It is known that although persulfate is highly oxidative, the reaction rate under ambient condition is quite limited, and that a high temperature or catalyst (such as Ag + ion) is required. 30 For the detection here, in order to avoid the introduction of extra species, a UV lamp (365 nm, the same as the one for the UV excitation for fluorescence images) was adopted to accelerate the reaction. 31 Under UV irradiation, persulfate was excited to produce an even more reactive sulfate radical (·SO4 -, with a standard potential of 2.60 V vs. SHE). Sulfide/persulfate mixtures were incubated under a UV lamp, and then mixed with nanoclusters for fluorescence measurements. It was found that long time irradiation could bring about a higher fluorescence intensity (less quenching from sulfide) after 6 h (Fig. 6a) , which was the time required for equilibrium. Under a fixed 6-h period of UV irradiation, the fluorescence of nanocluster (intensity as I*) increased with the concentration of persulfate (Fig. 6b) . These two factors were linearly related in the range of 100 nM -40 μM (with correlation coefficient R 2 = 0.9983). If this method were to be applied for persulfate detection, the lowest amount that could be detected is estimated to be 19.1 nM (3σ). Since persulfate is a promising substance for waste water treatment, this method could be applied as an effective means for its monitoring in different processes.
32
Conclusions
In this work, we successfully synthesized a typsin-stabilized gold nanocluster, and its interaction with sulfide could be applied for sulfide detection. Under the optimized condition, sulfide could be detected down to the nanomolar level; this provided a facile and sensitive scheme for sulfide analysis. Furthermore, the reaction between sulfide and persulfate was found to be effective for indirect persulfate measurements, and Fig. 5 Quenching of the nanocluster upon mixing with different samples. All samples were of 100 μM, and the measurements were performed after 20 min of incubation with a nanocluster at pH 9 with excitation at 365 nm. could be useful in environmental chemistry.
